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Design Principles for Broad-Spectrum Protein-Crystal Nucleants with Nanoscale Pits
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Growing high-quality crystals is a bottleneck in the determination of protein structures by x-ray
diffraction. Experiments find that materials with a disordered pitted surface seed the growth of protein
crystals. Here we report computer simulations of rapid crystal nucleation in nanoscale pits. Nucleation is
rapid, as the crystal forms in pits that have filled with liquid via capillary condensation. Surprisingly, we
find that pits whose surfaces are rough are better than pits with crystalline surfaces; the roughness prevents
the growing crystal from trying to conform to the pit surface and becoming strained.

DOI: 10.1103/PhysRevLett.105.205501

The faster crystals grow, the more defects they contain.
Hence, high-quality protein crystals that can be used in x-
ray or neutron diffraction studies are ideally grown at low
supersaturation where crystal growth is slow. Yet, to nu-
cleate a protein crystal from solution, the supersaturation
cannot be too small, because then crystals never form as
nucleation is effectively suppressed. The challenge for
protein crystallization is therefore to nucleate crystals at
supersaturations that are so low that crystal growth is slow.
One possible strategy to achieve this objective is to make
use of heterogeneous nucleation: a suitable nucleation
agent can induce crystallization under conditions where
homogeneous (bulk) crystal nucleation is negligible and
crystal growth is slow. The design of suitable crystal-
nucleating agents is therefore of great practical importance.

The rational design of such agents is hampered by a lack
of understanding of the molecular mechanism of nuclea-
tion. One might think that the best strategy is to use
structured templates that match the lattice spacing of the
target crystal. Indeed, experiments on colloidal systems
have shown that a template with a periodic surface pattern
can strongly enhance crystal growth via epitaxy [I].
However, unless there is a precise match between the
lattice spacing of the template and that of the epitaxially
grown crystal, epitaxial crystal growth is not possible.
Thus templates tend to work only for specific target crys-
tals that are commensurate with the periodicity of the
template. Such highly specific templates are of little use
if we want to crystallize a wide variety of proteins with
different and a priori unknown crystal lattices.

An alternative to templates was pioneered by Chayen
and co-workers [2—4], who showed that materials with
disordered nanoscale pitted surfaces can act as ““‘universal”
nucleation agents in the sense that they induce the nuclea-
tion of crystals of many different proteins. See Refs. [5,6]
for reviews of protein crystallization.

In this Letter we present Monte Carlo simulations that
investigate the mechanism of protein crystallization in
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nanoscale pits. Our aim is to study heterogeneous crystal
nucleation in a simple model system with a phase diagram
similar to that of many globular-protein solutions, such as
lysozyme. Our computer simulations reveal that the opti-
mal nucleation mechanism has two steps: capillary con-
densation of a protein “liquid” followed by rapid crystal
nucleation. The simulations also show that the nucleation
rate has a counterintuitive dependence on the roughness
and crystallinity of the surface of the pit. Only when the
surface is rough and amorphous (and not crystalline) do
crystals grow readily without stress or defects.

In our model system, particles interact via a spherically
symmetric potential, and the particles have no internal
degrees of freedom. This is clearly a simplification; the
interactions between proteins are clearly more complex.
However, our mechanism relies only on capillary conden-
sation, which is a thermodynamic phenomenon indepen-
dent of the details of the interactions. Also, nucleants with
pitted surfaces induce the crystallization of a range of
proteins [3,5], suggesting that details of the interactions
are not important in experiment.

Our model particles interact via the potential introduced
by ten Wolde and Frenkel [7], with their range parameter
a = 50. This short-ranged potential is known to have a
bulk phase diagram that is qualitatively the same as that of
a number of solutions of globular proteins [7]. A key
characteristic of such phase diagrams is the presence of a
metastable dilute-solution—to—concentrated-solution tran-
sition that lies within the coexistence region of the
dilute-solution—to—crystal transition [8]. Homogeneous nu-
cleation has been studied for this model [7,9]. In our
simulations the protein molecules are attracted by, and
nucleate on, substrates that are of three types: amorphous,
smooth, and crystalline.

In what follows, we use reduced units. We define the
reduced distance as r* = r/o, where o is the diameter of
the particles. The reduced temperature 7% = kzTe !,
where € is the well depth of the particle-particle attraction,
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and the reduced density p* = po?. All quantities reported
in this work are expressed in these reduced units. There-
fore, we omit the superscript asterisk (*) from here on.

Here we work exclusively at a temperature a little below
the critical temperature, 7 = 0.897, = 0.374, and at a
chemical potential 0.04kT below the metastable vapor-
liquid transition, i.e., just outside the vapor-liquid transi-
tion. This is at a (vapor) density p = 0.04. There, the
crystal phase is more stable than the vapor (dilute solution)
phase, as we are within the vapor-crystal coexistence re-
gion. The vapor is the next most stable, but as we are near
vapor-liquid coexistence, the liquid is nearly as stable as
the vapor phase. In the vapor phase but near a vapor-liquid
transition, pits with surfaces that attract the particles fill
with liquid via capillary condensation [10]. This occurs at a
distance from the vapor-liquid transition that scales in-
versely with the pit radius [10].

We performed Metropolis Monte Carlo simulations in
the grand-canonical ensemble, where the temperature, vol-
ume, and chemical potential are kept constant, and the
particle number is allowed to fluctuate [11]. This ensures
a constant fluid pressure and minimizes finite size effects.
For the interaction between a smooth surface and the
particles, we use the same functional form as for the
particle-particle interaction. Our crystalline and amor-
phous surfaces are made from fixed (i.e. immobile) parti-
cles which also interact with the protein particles via a
potential of the same form and with the same diameter o
but with well depth €,,. For the computation of free-energy
barriers, we use umbrella sampling with a bias on the
number of particles in the largest crystalline cluster, as
described by ten Wolde et al. [12]. Crystalline particles
are identified with bond-order parameters [13].

Figure 1 shows cross sections of simulation snapshots
for nucleation in a cylindrical pit [Fig. 1(a)] and at a wall
[Fig. 1(b)]; both have rough amorphous surfaces. The
particles that form the pit or wall (shown in gray) are
immobile yet otherwise identical to the ‘“‘protein” parti-
cles. The concentrated disordered protein phase (blue par-
ticles)—which we call the protein ‘“‘liquid”’—Hfills the pit in
Fig. 1(a) via capillary condensation. Then, in the liquid-
filled pit, a crystal (yellow particles) nucleates, and even-
tually grows out of the pit. At a wall, a thin layer of protein
liquid is adsorbed and a crystal can nucleate, too. Note,
however, that the diameter of a critical crystal nucleus
exceeds the width of the liquid layer.

Capillary condensation is where liquid fills a pit before it
is stable in the bulk, i.e., when the vapor is the stable phase
in the bulk [10]. The free energy of a small pit has a
relatively large contribution from the surface term. This
is proportional to 7, for an empty pit and vy, for a liquid-
filled pit; y,, and y,; are the interfacial tensions for the
interfaces between the pit surface and the vapor, and
between the pit surface and the liquid, respectively. If
Ypi < ¥pv» small pits will fill with liquid via capillary
condensation, as this reduces the surface term in the pit

FIG. 1 (color online). Simulation snapshots of crystallization.
The snapshots show cross sections through our simulation box.
The surfaces are made of fixed particles that are equal in size to
the model protein particles. Fixed particles that attract the model
protein particles are light gray (e,, = €); fixed particles that are
repulsive are dark gray. The model protein particles themselves
are shown in blue and yellow. Blue particles are in a locally
liquidlike environment, while yellow particles are in a locally
crystalline environment. Panel (A) is a snapshot of nucleation in
a droplet of liquid in a pit with rough walls. Note the layer of
liquid particles (blue) between the yellow growing crystal and
the wall. Panel (B) is a snapshot of nucleation occurring at a flat
rough surface with a thin adsorbed liquid layer.

free energy. In our simulations the pit fills spontaneously,
without a nucleation barrier.

In Fig. 2(a) we have plotted the computed nucleation
barrier height AG™ in pits with rough amorphous surfaces
as a function of pit radius R. We find that there is a clear
minimum in the nucleation barrier at pore radii that are
small enough to allow capillary condensation yet large
enough to allow the crystal nucleus to form in them.
Note that this minimum has a different origin from the
minimum in the nucleation barrier found by Page and Sear
[14] for nucleation of a fluid from a pore. However, in both
cases materials with a range of pit sizes, as found on
disordered surfaces, are advantageous because on such
surfaces there will always be some pits that are just the
right size and shape.

It is perhaps counterintuitive that nucleation is favored
by pits bounded by a rough inner surface. After all, a rough,
disordered surface suppresses crystal growth in contact
with the surface of the pit. However, the nucleating crystal
then “floats” in the pit, separated from the walls by a thin
layer of liquid. As the crystal nucleus is fully immersed in
liquid, the nucleation barrier is much lower than in the bulk
vapor, 25kgT not 80kpT as it is in the vapor. On a planar
disordered surface the nucleus is only partially immersed
[see Fig. 1(b)], and the barrier is intermediate between its
value in the vapor and in the pit [see Fig. 2(b)].

As the nucleus is not in direct contact with the wall [see
Fig. 1(a) and 1(b)], there is no requirement for the lattice of
the nucleus to match the structure of the wall; the nuclea-
tion barrier is universally low—regardless of the lattice
constant or symmetry of the crystal phase. We stress that
although a low barrier is obtained for all crystal lattices, a
nearby liquid-liquid transition is required. Such transitions
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FIG. 2 (color online). (A) The free-energy barrier to nuclea-
tion, AG*, as a function of the radius of the pit, R, in units of the
protein diameter o. The pit sides are made of fixed particles with
the same diameter as the model protein and so are rough on the
length scale of the protein. (B) The nucleus free energy, AG, as a
function of the number of particles, n, in the nucleus. Shown are
curves for homogeneous nucleation, heterogeneous nucleation
on a wall with a rough surface, and heterogeneous nucleation in a
pit with optimal size (radius R = 8, depth D = 9).

are common in protein solutions [15,16], and crystalliza-
tion often occurs near these transitions [17]. The present
results provide a possible rationale for the common obser-
vation of protein crystallization near liquid-liquid phase
separation [17].

So far we have discussed results for pits with surfaces
with a roughness that is comparable to the size of the model
protein molecules. In what follows, we examine the effect
of surface roughness and consider crystalline surfaces,
where epitaxy is possible.

First, we focus on the effect of varying the surface
roughness of a wall or pit. As the surface is made smooth,
the liquid orders at the surface. We studied cylindrical pits
with flat bottoms [18]. We found that at the curved inner
surface of the cylinder, the particles ordered but that this
ordering is different from the ordering in a bulk crystal.
This ordering along the inside of the cylindrical surface
competes with the ordering at the flat bottom of the pore,
and it is different from and not compatible with bulk
crystalline ordering. Once this incompatible ordering
forms, it inhibits crystallization. Thus we do not see rapid
crystallization for these smooth-walled pits.

In contrast to smooth-walled pits, a completely flat,
smooth wall does induce crystallization, and we find rapid
nucleation. A flat (but not a curved) wall induces layering,
which encourages crystallization. Flat walls have been
used to induce colloidal crystallization [19,20]. Also, as
predicted by Sear [21], a liquid layer on a flat wall
substantially increases the rate of heterogeneous nuclea-
tion. However, the low nucleation barrier relies on the
interaction between the particles and wall being transla-
tionally invariant—true for colloids but not for proteins.

Second, we have also considered crystalline surfaces. For
both flat walls and pits, surfaces with lattices that are a
perfect match for that of the nucleating lattice induce rapid
nucleation. This match must be in both the lattice symmetry
and the lattice constant. See Fig. 3(a) for a crystal that has

FIG. 3 (color online). Snapshots of a fluid in contact with a pit
which is formed from a cylinder cut from an fcc crystal with its
{111} plane facing the fluid. The cylinders both have radius R =
7 and depth D = 3. The two panels show pores cut from fcc
crystals of different densities, p,.;. The snapshots are cross
sections through the centers of the pits. In (A) the density of
the substrate crystal matches that of the nucleating crystal at
coexistence, pyay = Peq = 0.88. We see a defect-free crystal
nucleating and growing out of the pit. In (B) the lattice constant
of the substrate is = 4% smaller than that of the nucleating
crystal (pyar = 1.0). Note the defect in the nucleating crystal
caused by this mismatch in lattice constant. The dark gray, light
gray, blue, and yellow particles are purely repulsive wall parti-
cles, wall particles that attract the fluid particles (€,, = €), liquid
particles, and crystalline particles, respectively.

nucleated in a shallow pit cut out of an fcc lattice, where this
fcc lattice has a lattice constant very close to that of the
nucleating crystal. Here the crystallization occurs rapidly.
The crystalline surface is made of particles that are immo-
bile yet otherwise identical to the fluid particles.
Van Blaaderen and co-workers have observed crystalliza-
tion on crystalline templates in colloidal suspensions [1].

However, even if the lattice of the surface has the same
symmetry as the nucleating crystal, then even a small
mismatch in lattice constant affects the result: although a
crystal still nucleates, as it grows strain builds up due to the
mismatch between the surface and crystal lattices. See
Fig. 3(b) for a defected crystal that has formed in contact
with a pit cut from an fcc crystal with a density = 14%
higher than that of the nucleating crystal. The resulting
small mismatch in lattice constant ( = 4%) between the
surface and nucleating crystal causes the nucleating crystal
to be split by a defect. Further increasing the mismatch in
lattice constant to approximately 10% prevents nucleation
altogether. Clearly, any crystalline template for epitaxial
growth would have to be tailor-made for a specific crystal
structure of a specific protein. Such a template could never
be used to crystallize many proteins.

Our findings for crystallization in the presence of a
surface with nanoscale pits are summarized in Fig. 4.
This is for pits with noncrystalline surfaces. The optimal
region is indicated in green. In the green region of parame-
ter space, the pits are sufficiently small that even far from
the metastable liquid-liquid transition, they will fill with
the concentrated protein solution phase. But they are large
enough that the crystal nucleus can fit in the pit. Also, the
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FIG. 4 (color online). Schematic that summarizes the nuclea-
tion behavior as a function of pit radius R and roughness of the
wall, I'. Both are in units of the protein diameter ¢-. Small pits will
fill with a protein liquid due to capillary condensation, and if the
walls are rough, then nucleation of a crystal is rapid in this liquid.
If the walls are smooth, then ordering occurs at the wall with
noncrystallographic symmetry, and this inhibits crystallization.

surface of the pit is sufficiently rough that the crystal forms
away from the pit surface, and so it is unstrained. Figure 4
should provide a qualitative guide for the experimental
design of crystal-nucleation agents.

In conclusion, our numerical simulations reveal a
mechanism for protein crystal nucleation in which a nano-
scale pit fills with a droplet of the concentrated solution
phase, and then a crystal nucleus forms in this confined
droplet [see Fig. 1(a)]. Surprisingly, we find that it helps if
the sides of the pit are rough; on smoother surfaces the
crystal starts to grow in contact with the wall, but as it
grows it becomes strained. This strain arises because the
crystal conforms to the curved wall. The resulting build up
of stress arrests growth.

Unlike epitaxial nucleation and growth, the mechanism
we have found does not rely on a match between the lattice
of the nucleating crystal and the lattice of the crystalline
surface. Therefore, a single surface may act as a nucleant
for many protein crystals. However, it does rely on the
proximity of a liquid-liquid transition. George and Wilson
[17] observed that many proteins crystallize when the value
of their second-virial coefficient is in a range that corre-
sponds to the solution having a liquid-liquid transition
[17]. We suggest that the proteins may crystallize in this
range of second-virial coefficient values because there
capillary condensation can fill nanoscale pits on the sur-
faces of impurities in the solution. The crystallization
barrier is then small in these filled pits. This capillary-
condensation-assisted nucleation will happen well before
homogeneous nucleation [7] can take place. As they rely
only on capillary condensation, our findings should be
widely applicable. Capillary condensation is a general
thermodynamic phenomenon [10] that is independent of
the details of the interaction potential. Therefore, it will
occur in protein and other solutions but also in, for

example, water. Snow frequently forms in the Earth’s
atmosphere under conditions where metastable liquid
water can form [22], so ice nuclei may be forming in
water-filled pits of hydrophilic aerosol particles.
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